Rationale: Lung natural killer cells (NKs) kill a greater percentage of autologous lung parenchymal cells in chronic obstructive pulmonary disease (COPD) than in nonobstructed smokers. To become cytotoxic, NKs require priming, typically by dendritic cells (DCs), but whether priming occurs in the lungs in COPD is unknown.
some are responding appropriately to microbial colonization (5) , is unresolved.
Prominent among the leukocyte types infiltrating the lungs in COPD are natural killer cells (NKs), innate lymphocytes that rapidly target and kill abnormal cells. Regardless of smoking or COPD status, most NKs in normal human lung parenchyma display a differentiated CD56 dim CD16 1 phenotype associated with cytotoxicity (6, 7), which differs from the predominance of CD56 bright NKs in other organs and within tumors. Mouse lung NKs show a similarly differentiated phenotype (8) . In COPD, relative to smokers without COPD, NKs from sputum and alveolar fluid are more cytotoxic toward highly susceptible targets (9, 10) . We have shown that CD56 1 NKs, but not CD8 1 or CD4 1 cells, from human lung parenchyma can kill autologous lung parenchymal cells, and that this killing is increased in subjects with severe COPD compared with smokers without obstruction (6) . In murine cigarette smoke (CS) exposure models, we and others have shown that lung NKs from CS-exposed mice are increased in numbers, display a more primed phenotype, and are more cytotoxic than in nonexposed mice (11) (12) (13) . Because apoptosis of lung structural cells has been implicated in emphysema pathogenesis (14) (15) (16) , defining the mechanisms driving NK cytotoxicity in COPD is a significant goal. NKs require signals, termed priming, to transition from quiescence to readiness for cytotoxicity (17, 18) . In vivo murine studies showed that dendritic cells (DCs) are essential for NK priming to viral and bacterial pathogens (19) (20) (21) . DCs prime NKs either by cell-cell contact, via soluble mediators, or both, depending on the stimulus and location of their interaction. DC-produced cytokines known to activate NKs include type I interferons, IL-12, and IL-18 (11) . IL-15 is a particularly important regulator of NK development, differentiation, homeostasis, and activation (22) . In lymph nodes, IL-15 transpresentation by CD11c high DCs is necessary and sufficient to prime resting NKs (19) . Human IL-15-derived DCs induce NK cytotoxicity toward both sensitive and resistant tumors (23) . How cigarette smoke affects DC priming of NKs is unknown.
The goal of this study was to define whether and how lung DCs contribute to lung NK priming in COPD. Given the many similarities between mouse and human lung NKs, to address certain mechanistic questions we used two murine models. The first was CS exposure, which reproducibly induces many features of COPD, including pulmonary cellular infiltration, airway fibrosis, and emphysema (24) . The second was the spontaneous pathology developing in mice lacking the polymeric immunoglobulin receptor (pIgR 2/2 ) (25), which is necessary to transcytose secretory IgA into small airways. As they age, pIgR 2/2 mice develop progressive airway wall remodeling and emphysema (25) . Our collective results show that lung epithelial cells are a major target of NK cytotoxicity in vitro, that killing is heightened in COPD, and that priming of NKs by DCs requires IL-15Ra (IL-15 receptor a subunit) transpresentation. Some results have been previously reported as an abstract (26) .
Methods Ethics Statement
Studies and consent procedures were performed in accordance with the Declaration of Helsinki at the VA Ann Arbor Healthcare System and the University of Michigan Health System and were approved by the institutional review board at each site (FWA 00000348 and FWA 00004969, respectively). Written informed consent was obtained preoperatively.
Specimens and Patient Population
We recruited subjects undergoing clinically indicated resections for pulmonary nodules and collected only distal, nonneoplastic lung tissue lacking postobstructive changes as judged by a pathologist. All subjects (n = 49) underwent preoperative postbronchodilator spirometry, prospectively collected medication history, and clinical evaluation by a pulmonologist. We categorized subjects on the basis of the 2001 classification of the Global Initiative for Chronic Obstructive Lung Disease (GOLD) (27) . Subjects (n = 19) with a smoking history of at least 10 pack-years, an FEV 1 /FVC ratio greater than 0.70, normal spirometry, and no clinical diagnosis of COPD represent smoking control subjects. Subjects (n = 30) with a smoking history of at least 10 pack-years and an FEV 1 /FVC ratio less than 0.7 were considered to have COPD. Table 1 shows demographics, pulmonary function, and inhaled corticosteroid usage. We defined former smoking as having quit for 6 months. Some subjects also contributed peripheral blood 3-6 weeks before surgery.
Animals
Male and female C57BL/6, B6.SJL, IL15Ra 2/2 on a C57BL/6 background, and B6129SF2/J mice between 6 and 8 weeks of age were obtained from Jackson Laboratory. Mice were housed under specific pathogen-free conditions, regulated lighting, and ad libitum feeding at the VA Ann Arbor Healthcare System, which is fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care International. All experiments were approved by the Ann Arbor VA Subcommittee on Animal Studies. pIgR 2/2 mice were generated as previously described (25) mice was collected in medium and shipped on ice for next-day processing in Ann Arbor.
Murine Cigarette Smoke Exposure
We performed whole-body exposure of mice for 8 weeks as described in the online supplement.
Cell Isolation from Lung Tissue and Peripheral Blood
Human and murine lung samples were dispersed mechanically without enzyme treatments, producing single-cell suspensions of high viability and functional capacity (6, 28, 29) . Cells were isolated with immunomagnetic beads, as described in the online supplement, to isolate lung NKs (human, CD56 1 ; mouse, CD49b 1 ), lung epithelial cells (CD326 1 in both species), and lung DCs for immediate use in the cytotoxicity assay. We also isolated CD56
1
NKs from the peripheral blood of some human subjects and cryopreserved them until their lung tissue was obtained.
NK Cytotoxicity Assay
We assayed specific cytotoxicity in a 4-hour flow cytometry-based assay based on detection of apoptosis, using annexin-V and 7-aminoactinomycin D (7-AAD), as described in the online supplement (6) . When DCs and NKs were cocultured at a ratio of 1:1, they interacted in the absence of target cells for 16 hours. In some experiments, we added a 10-mg/ml concentration of anti-mouse IL-15R/IL-15 (clone GRW15PLZ; eBioscience) or a 0.5-mg/ml concentration of recombinant human IL-15Ra Fc chimera (R&D Systems).
DC Adoptive Transfer
Murine DCs were resuspended at 200,000 DCs in 20 ml of phosphate-buffered saline and administered intranasally to untreated congenic recipient mice under isoflurane sedation. After 48 hours, lungs and mediastinal lymph nodes were collected. We isolated NKs and epithelial cells from lung tissue to use in cytotoxicity assays. To verify DC transfer, lymph nodes and a portion of whole lung were stained with CD45.2 and CD45.1 antibodies.
Statistics
Statistical analyses were performed with GraphPad Prism 7.0 (GraphPad Software, Inc.) and SPSS (IBM Corporation) on a Macintosh Quad-Core Intel Xeon computer running OS X 10.12.6 (Apple). We used Mann-Whitney t tests to evaluate differences between two groups, and one-way ANOVA with Tukey's multiple comparison test for three or more groups. A paired t test was used when comparisons were made using cell populations from the same sample. Correlations were tested by Spearman regression. A two-tailed P value less than 0.05 was considered to indicate significance. (Figures 1A and 1B) . Once again, lung CD56
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1 cells from subjects with COPD were significantly more cytotoxic than those from nonobstructed smokers, independent of current smoking status ( Figure 1C) . In a linear regression model ( 
CD3
1 (NK T) cells (13.6 6 1.6 vs. 3.4 6 2.4% killing, respectively; P , 0.006, paired t test). However, most resected lung specimens contained too few total CD56 1 cells to permit routine separation into CD3 1 and CD3 2 populations. We also evaluated phenotypic markers, including CD3, CD56, CD16, and CD69 expression, on lung samples from a subset of the subjects (n = 6 smokers without obstruction; n = 15 subjects with COPD). We determined the percentage of CD56
1
CD3
2 NK cells and CD56 1 CD3
1 NK T cells in the unfractionated lung specimen. These percentages neither differed between subject groups, in agreement with our previous results (6), nor correlated with cytotoxicity toward autologous epithelial cells (data not shown). 2 NKs, based on significant differences in mean fluorescence intensity for CD56 staining (730 6 567 vs. 1,994 6 1,411 arbitrary units; P = 0.0005 by MannWhitney t test). There was no difference in the percentage of NKs expressing CD69 between subject groups (4.2 6 3.3% in smokers without obstruction vs. 7.0 6 8.3% in subjects with COPD). These results are similar to a study that also found human lung NKs to be predominantly CD69 2 (30).
Lung NKs, Not Lung Epithelial Cells, Drive the Increased Cytotoxicity in COPD
Because lung epithelial cells from subjects with COPD have increased expression of ligands for NK-activating receptors (6, 31), we simultaneously performed two types of mixing experiments to test whether cytotoxicity depended more greatly on epithelial cell ligand expression or on NK state. We cocultured human lung epithelial cells from smokers without obstruction or subjects with COPD with the same NK source, NK-92 cells; this cloned line lacks inhibitory killer-cell immunoglobulin-like receptors, and hence kills avidly ( Figure  2A ). In parallel, we cocultured lung NKs from the same subjects with K562 cells, a highly susceptible target because of their lack of MHC class I expression ( Figure 2B ). Results showed no difference between subject groups in epithelial cell killing by NK-92 cells (healthy smokers, 18.9 6 4.6% vs. subjects with COPD, 22.3 6 4.4%) ( Figure 2A ). In contrast, lung NKs from subjects with COPD had significantly greater cytotoxicity toward the K562 cells (34.8 6 3.8% vs. 14.1 6 2.5%; P = 0.004) ( Figure 2B ). By suggesting that the increased cytotoxicity in subjects with COPD was largely independent of epithelial cell ligands, these results led us to focus on lung NK priming.
CS Exposure in Mice Increases NK Cytotoxicity against Lung Epithelial Cells
To address mechanistic questions, we used a murine model of CS exposure (13) . We isolated CD49b 1 (DX5 1 ) NKs and CD326 1 epithelial cells from the lungs of CS-exposed or air-exposed mice and cocultured them in various combinations ( Figure 3) . In all experiments, epithelial cells were also cultured by themselves to determine baseline viability, and we used the same flow cytometry-based cytotoxicity assay as for human samples. NKs from air-exposed mice showed minimal killing, regardless of epithelial cell source ( Figure 3 ). In contrast, NKs from CS-exposed mice exhibited considerable cytotoxicity toward epithelial cells from either air-or CS-exposed mice, although only the latter target reached statistical significance. We performed these experiments using both male and female mice, without difference in results between sexes (data not shown). These data support our human data, collectively suggesting that epithelial factors are important and necessary, but insufficient, to induce NKmediated killing. Further, these results support this model as relevant to investigate the molecular basis for increased lung NK cytotoxicity in human COPD.
Dendritic Cells Prime NKs to Become Cytotoxic after CS Exposure in Mice
To determine whether lung DCs were essential to prime NKs in the context of CS, as previously shown for other stimuli (18, 19, 32) , we isolated lung DCs from airor CS-exposed mice and cocultured them overnight with lung NKs from air-exposed mice. For all conditions, we used epithelial cells pooled from the lungs of CS-exposed mice as targets. Coculture with DCs from air-exposed mice had no effect on cytotoxicity, but coculture with DCs from CS-exposed mice increased cytotoxicity approximately threefold (P = 0.0002) ( Figure 4A ). In the absence of NKs, DCs from air-or CS-exposed mice showed no epithelial cell cytotoxicity (data not shown).
We tested whether DCs could prime NKs in vivo, by adoptively transferring lung DCs from air-or CS-exposed mice of a congenic strain into naïve recipient C57BL/6 mice. After 48 hours, isolated lung NKs from individual recipient mice were tested for killing of pooled lung epithelial cells. Lung NKs from mice that received CS-exposed DCs were significantly more cytotoxic than NKs from mice that received air-exposed DCs ( Figure 4B ). To exclude possible difference between groups in lung retention or trafficking to lymph nodes, we analyzed the percentage of CD45.2 1 donor DCs in lung tissue and mediastinal lymph nodes, and found no differences ( Figures 4C and 4D ).
Dendritic Cells Prime NK Cells in Mice That Develop a Spontaneous COPD Phenotype
We next investigated whether DCmediated priming of NKs contributes to the development of spontaneous, age-dependent small-airway remodeling and emphysema in pIgR 2/2 mice, which cannot translocate IgA to mucosal surfaces (25) . Dual immunofluorescence staining for NCR1 (to identify NKs) and CD69 (a marker of priming) showed that percentages of double-positive NKs in the lungs of 6-month-old pIgR 2/2 mice were significantly increased (P = 0.0007) (Figures 5A and 5B ).
To determine functional relevance, we isolated lung NKs from pIgR 1/1 and pIgR 2/2 mice, each at 2 and 6 months old, cocultured them with pooled, age-matched epithelial cells from pIgR 1/1 mice, and analyzed for cytotoxicity. NKs from pIgR 2/2 mice showed significantly increased cytotoxicity at both ages ( Figure 5C ).
To Figure 5D ). Lung DCs from pIgR 2/2 mice did not kill epithelial cells in the absence of NKs, nor did we observe sex differences in lung DC priming (data not shown). C57BL/6 mice were exposed to air or CS for 8 weeks, and then lung tissue was collected for the isolation of NKs (CD49b 1 ) and CD326 1 epithelial cells. Epithelial cells from air-exposed mice were cultured either alone or with NKs from air-exposed or CS-exposed mice. Likewise, epithelial cells from CS-exposed mice were cultured either alone or with NKs from airexposed or CS-exposed mice. After 4 hours, cells were collected and stained for CD45, annexin-V, and 7-aminoactinomycin D for flow cytometry. Epithelial cells were identified as CD45 2 with high side scatter. The percent cytotoxicity is shown for four separate experiments (five mice per group per experiment). Box plots show the first and third quartiles plus the median, and the whiskers represent the minimum and maximum values. Repeated measures one-way ANOVA with Tukey's multiple comparison test was used to determine significance. **P , 0.01. 1 cells from smokers without obstruction (n = 9) or from patients with COPD (n = 16) to determine the percent cytotoxicity. For both panels, lines represent means 6 SEM, offset to facilitate visualization. Open symbols, former smokers; solid symbols, active smokers. The same subjects were used to generate the data in A and B, although we were unable to perform the experiment in A on two of the subjects with COPD. The Mann-Whitney t test was used to determine significance. N.S. = not significant.
Dendritic Cell Priming of NK Cells Is Mediated by Trans-Presentation of IL-15
DC priming of NKs can occur via soluble factors (11) or cell-mediated contact (19) . NKs separated from lung DCs from CSexposed mice during overnight coculture in Transwell plates did not become primed (data not shown), implying the need for cell-cell contact. We cocultured lung NKs from air-exposed mice with lung DCs from CS-exposed mice, either alone or in the presence of anti-IL-15R/IL-15. Lung NKs cocultured with DCs from CS-exposed mice showed 3.5-fold greater cytotoxicity, as anticipated; importantly, such priming was completely abrogated by the addition of anti-IL-15R/IL-15 ( Figure 6A ). Anti-IL-15R/IL-15 had no effect on epithelial cells by themselves (data not shown).
To confirm these findings, we exposed IL-15Ra 2/2 mice and control wild-type mice to air or CS for 8 weeks, and then tested the capacity of lung DCs to prime lung NKs from air-exposed wild-type mice in vitro. Lung DCs from air-exposed mice of both groups had no effect on NK cytotoxicity (data not shown), and as expected, lung DCs from CS-exposed wild-type mice primed NKs to become significantly more cytotoxic. However, DCs from CS-exposed IL-15Ra 2/2 mice did not prime wild-type lung NKs ( Figure 6B ). Adoptive transfer of lung DCs from CSexposed wild-type and IL-15Ra 2/2 mice into naive wild-type mice led to a similar result. Although lung DCs from CSexposed wild-type mice primed NKs in vivo, DCs from the IL-15Ra 2/2 mice showed a significantly decreased ability to do so ( Figure 6C ). Whether lung NK priming by IL-15 could be mediated in vivo by cell types other than DCs is unknown and not excluded by our data. NK priming via macrophage trans-presentation of IL-15 is supported by murine and human data from other organs (33, 34) , making lung macrophages a potential focus of future studies.
Lung DCs from Subjects with COPD Increase NK Cytotoxicity via IL-15 Trans-Presentation
Finally, to test the relevance of our findings to human COPD, we investigated the ability of DCs from clinically indicated lung resections to prime the subjects' own peripheral blood NKs, isolated before surgery and cryopreserved until lung tissue was obtained. There was no difference in the cytotoxicity of fresh versus cryopreserved blood CD56 1 cells against K562 cells (data not shown). Cryopreserved blood CD56 1 cells were resuscitated for 18 hours before overnight coculture alone or with freshly isolated lung DCs, and then autologous lung epithelial cells were added for an additional 4 hours and epithelial cell killing was assessed ( Figure 7A ).
Unprimed blood CD56
1 cells showed minimal cytotoxicity; in smokers without obstruction, coculture with autologous lung DCs led to an approximately twofold increase that did not attain significance ( Figure 7B ). In contrast, in subjects with COPD, coculture of blood CD56
1 cells with autologous lung DCs induced a 14-fold increase in cytotoxicity ( Figure 7B ). DCs by themselves were unable to kill epithelial cells (data not shown). In subsequent experiments using only lung tissue and peripheral blood from subjects were collected from recipient mice that received adoptive transfer of either air-exposed DCs or CS-exposed DCs. Antibodies against CD11c, MHC class II, CD11b, and CD103 were used to identify all lung and LN DCs. CD45.2 staining was used to determine the percentage of DCs that were positive for CD45.2, indicating they had been adoptively transferred from donor mice. There were no significant differences between groups, as determined by the Mann-Whitney t test. *P , 0.05.
with COPD, the chimeric blocking reagent IL-15Ra Fc decreased cytotoxicity 2.5-fold ( Figure 7C ), supporting our murine data that IL-15 trans-presentation contributes to lung DC-mediated priming of NKs.
Discussion
We demonstrate that lung DCs prime NKs to kill autologous lung epithelial cells, as measured by an in vitro single-cell assay; that this process is increased in COPD relative to smokers without airflow obstruction, regardless of current smoking status; and that it is mediated largely by trans-presentation of IL-15 via DCexpressed IL-15Ra. These conclusions are supported by congruent results from experiments using human samples and two independent murine models that employed both inhibitory and genetic approaches. Our findings thus provide novel insights into pulmonary immune responses in COPD. These results extend two publications on lung NKs and lung DCs in COPD. Suzuki and colleagues demonstrated enrichment of genes expressed by NKs and DCs (among other cell types) in helper T-cell type 1-associated expression profiles associated with emphysematous destruction (35) . Using the ECLIPSE (Evaluation of COPD Longitudinally to Identify Predictive Surrogate End-points) and COPDGene (Genetic Epidemiology of COPD) cohorts, Reinhold and colleagues associated gene modules expressed in peripheral blood with COPD phenotypes, and also found overrepresentation of genes specific for NKs, DCs (and neutrophils) (36) . In addition to providing a potential mechanistic explanation for these associations, our data imply that pathological NK-DC interactions are present when COPD is mild (by measures of airflow and gas exchange), although not necessarily while subjects are young. Increased appreciation that processes leading to overt COPD are evident in early adulthood argues for the importance of investigating lung NK-DC interactions in younger smokers.
Our findings superficially disagree with previous studies showing reduced function of lung NKs relative to peripheral blood NKs, which was attributed to suppression by pulmonary macrophages (30, 37, 38) . However, these studies used lung NKs from subjects with normal pulmonary function and analyzed killing of highly susceptible target cell lines. Hence, one explanation for the differences is that COPD progression reduces the physiologically suppressive effect of the lung environment on lung NKs in the ways that exceed lung DC actions we demonstrate. A nonexclusive alternative is disparity between mechanisms of killing targets entirely lacking class I MHC molecules in previous studies and those targeting the complexly altered epithelial cell phenotypes that develop during progression to COPD. Chronic cigarette smoking profoundly perturbs smallairway epithelium, with loss of diversity, basal cell and goblet cell hyperplasia, mucus hypersecretion, and altered ciliated cell structure and function (39) . Airway epithelial cells communicate with myeloid DCs, inducing upregulation of chemokines and other mediators to recruit NKs and additional proinflammatory cell types (40) . A second point is that peripheral blood NKs from smokers were found to have decreased cytotoxic activity compared with those from control nonsmokers (41). Although we did not examine nonsmokers in our study, NKs. There was no difference in the percent cytotoxicity of the 2-and 6-month-old mice, and therefore these data have been combined (open symbols, 2-mo-old mice; solid symbols, 6-mo-old mice). (D) Lung NKs from pIgR 1/1 mice were cocultured with lung DCs from either pIgR 1/1 or pIgR 2/2 mice (2 and 6 mo old) for 18 hours. Epithelial cells from pIgR 1/1 mice were added to the culture for an additional 4 hours, and then percent cytotoxicity was determined. For C and D, data are from two separate experiments, 5-10 total mice per group. The Mann-Whitney t test was used to determine significance.
precluding direct comparisons, we found no differences between active and former smokers. Our focus on killing of autologous epithelial cells by lung NKs from either human ever-smokers or mice with features of COPD makes it likely that our results reflect ongoing immunological consequences in the lung, which may elude detection in peripheral blood.
Importantly, our pIgR 2/2 mouse results imply that DC-dependent priming leading to increased NK cytotoxicity is not unique to cigarette smoking. Instead, with the finding that loss of luminal secretory IgA is spatially associated with bacterial invasion and NF-kB expression in the small airways of human smokers (42) , these data support loss of epithelial barrier function as a key tipping point in COPD pathogenesis toward an inflammatory process that is self-perpetuating even on removal of the inciting exposure. Long-term studies in these murine models are needed to provide evidence on whether enhanced NK cytotoxicity is not simply associated with but, rather, essential for COPD progression, and whether the propensity of the DC-NK axis to eliminate mildly CS-damaged epithelial cells can be safely dissociated from the crucial role of NK cells in antiviral and antitumor surveillance.
The literature on the effect of smoking status and COPD diagnosis on lung DCs is conflicting in both human subjects and animal models. Active smoking was associated with significantly reduced absolute numbers of DCs in both epithelial and subepithelial regions of proximal endobronchial biopsies (43) . By contrast, using immunohistochemistry to stain for langerin 1 DCs, Demedts and colleagues observed a significant increase in DC number in the epithelium and adventitial of small airways of patients with COPD (44) . We demonstrated (28) increased expression of maturation markers (including CD80, CD83, and CD86) on human lung DCs from subjects with COPD, congruent with our current findings, but our previous study did not measure absolute DC numbers, and we did not examine those receptors in this study. The study by Demedts and colleagues and both of our studies used peripheral lung tissue overwhelmingly consisting of small airways, and comprised substantial fractions of ex-smokers because they were surgical cohorts. Hence, further study will be needed to distinguish the relative contributions of active smoking versus airway generation to airway DC numbers and the activation state.
Our mixing experiments, directly comparing killing of a standardized target by lung NKs of various subjects with killing of their lung epithelial cells by a single cloned NK cell line, favor the NKs themselves as the key variable explaining increased cytotoxicity in COPD. This finding was unexpected. We and others have shown that NK-activating ligands are upregulated on lung epithelial cells from patients with COPD and mice exposed to cigarette smoke (6, 31, 45) . However, those studies focused on ligands specific to the NKG2D (natural killer group 2, member D) receptor. Activating receptors, including NKG2D, stimulate degranulation only in combination, but not alone (46) . Although negative signals from inhibitory receptors tend to dominate over activing receptors, ligands for NK inhibitory receptors have not been studied in COPD or cigarette exposure models. Another possibility, untested in COPD, is that soluble ligands of NKG2D and other activating receptors saturate the NK cell surface, blocking membrane-bound ligands, as shown for tumors (47) . NKs from air-exposed mice were cocultured for 18 hours with DCs from either air-exposed mice, cigarette smoke (CS)-exposed mice, or CS-exposed mice in the presence of anti-mouse IL-15R (IL-15 receptor)/IL-15. Epithelial cells from CS-exposed mice were added to the culture for an additional 4 hours, and then cytotoxicity was determined. (B) Lung NKs from air-exposed mice were cultured for 18 hours either by themselves, or with DCs from CSexposed wild-type (WT) mice or CS-exposed IL-15Ra 2/2 mice. Lung epithelial cells pooled from CSexposed WT mice were added for an additional 4 hours, and then cytotoxicity was determined. Data in A and B are from three separate experiments (five mice per group per experiment); repeated measures one-way ANOVA with Tukey's multiple comparison test was used to determine significance. (C) DCs from either CS-exposed WT mice or CS-exposed IL-15Ra 2/2 mice were adoptively transferred via intranasal administration of 200,000 DCs into untreated recipient WT mice; 48 hours later, lungs were collected to isolate NKs and epithelial cells. Epithelial cells pooled from all mice were cultured alone or with NKs from individual mice for 4 hours, and then cytotoxicity was assayed. Lines represent means 6 SEM of two independent experiments (indicated by symbols), each containing three recipient mice per group; significance was determined by the Mann-Whitney t test. *P , 0.05; **P , 0.01. This is the first study, to our knowledge, to implicate IL-15 activation of NKs by lung ;DCs in humans or mice, although this action has been clearly documented in DCs from other murine organs (19, 48, 49) . IL-15 plays an indispensable role in NK homeostasis (50) . Elegant murine experiments showed that IL-15 does not act as a soluble cytokine, but instead must be presented by cell-cell contact, either bound to IL-15Ra or as a transmembrane molecule on the cell producing it; our IL-15Ra 2/2 results exclude the latter possibility in this system. Mature DCs are more capable than immature DCs of priming NKs to render them cytotoxic (51, 52) , and we have shown that expression of receptors indicative of human lung DC maturity correlates significantly with spirometric severity (28) . Interestingly, data from the SPIROMICS (Subpopulations and Intermediate Outcome Measures in COPD Study) cohort identified lower baseline IL-15 blood levels as associated with reduced odds for exacerbation in one of two analyses (consistent exacerbators over 3 yr vs. those without exacerbations, n = 393, stepwise logistic regression) (53) . However, in a single-center study of biomarkers of acute COPD exacerbations, employing a paired design that collected samples at baseline and during exacerbation before treatment, we found that IL-15 levels significantly increased during exacerbations (54) . Given the different phases of disease activity between these two study designs, such results are not necessarily inconsistent. Rather, they might suggest a relative impairment of antiviral defenses in some patients with COPD, predisposing them to repeated exacerbations. Most importantly for the current results, the relevance of circulating IL-15 levels to focal transpresentation of IL-15 by DCs within lung parenchyma is uncertain.
Our study has several limitations, notably the high percentage of cases having lung cancer, a consequence of the need for cells from human lungs removed for clinical indications. Because of the extensive preoperative evaluations now standard at our medical centers, few patients undergo resection of nonmalignant lesions. We did not test the ability of lung NKs in either species to kill other autologous cell types, an important area for future research. These results leave unanswered which DC subsets 1 epithelial cells from a smoker without COPD (left) and subject with COPD (right). Dark gray histograms, coculture with blood NKs alone; light gray histograms, cocultured with NKs plus lung DCs. (B) Combined data of healthy smokers (n = 4) and subjects with COPD (n = 4), one-way ANOVA with Tukey's multiple comparison test. *P , 0.05; no other comparisons are significant. (C) Blood NKs from subjects with COPD (n = 3) were cocultured for 18 hours alone, with autologous lung DCs, or with autologous lung DCs in the presence of IL-15Ra Fc chimera; autologous lung epithelial cells were added for an additional 4 hours, and then cytotoxicity was assayed. Repeated measures one-way ANOVA with Tukey's multiple comparison test was used to determine significance.
are responsible for priming, which we are currently investigating. We demonstrated that lung DCs in both species can prime NKs without participation by other cell types, but even our adoptive transfer experiments do not prove that this interaction occurs in the lungs, rather than in regional lymph nodes. Whether lung NK priming by IL-15 could be mediated in vivo by cell types other than DCs is unknown and not excluded by our data. NK priming via macrophage trans-presentation of IL-15 is supported by murine and human data from other organs (33, 34) , making lung macrophages a potential focus of future studies.
In conclusion, we show that lung NKs in COPD are able to kill lung epithelial cells directly in response to IL-15-dependent priming by lung DCs. This process occurs in mild COPD and continues in exsmokers, highlighting the importance of novel targeted therapeutic approaches to complement smoking cessation. We do not propose the IL-15 axis as such a target, due to the risk of increasing lung cancer in this high-risk group, but instead argue for increased investigation of the factors leading to inappropriate DC priming. n Author disclosures are available with the text of this article at www.atsjournals.org.
